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ABSTRACT 


We  and  others  have  shown  that  the  mechanism  and  rate  of  charge  transport  in  polypyrrole 
films  (on  electrode  surfaces)  depend  on  whether  the  polymer  is  in  its  electronically  conductive 
or  electronically  insulating  state.  This  paper  focuses  on  the  mechanism  and  rate  of  charge 
transport  in  the  electronically  insulating  state;  i.e.  we  describe  results  of  electrochemical 
investigations  of  polypyrrole  films  which  were  equilibrated  at  initial  potentials  negative  of  -0.30 
V  vs.  SCE.  With  regard  to  mechanism  of  charge  transport,  we  show  that  this  lightly  doped 
material  behaves  like  a  redox  polymer.  In  particular,  we  show  that  like  other  redox  polymers, 
redox  reactions  for  lightly  doped  polypyrrole  begin  at  the  polymer/electrode  interface  and 
propagate  to  the  polymer/solution  interface.  With  regard  to  rate  of  charge  transport,  we  show 
that  apparent  diffusion  coefficients  for  polypyrrole  synthesized  from  acetonitrile  solutions 
containing  2  %  added  water  are  significantly  lower  than  charge  transport  rates  in  films 
synthesized  in  rigorously-dried  acetonitrile.  Finally,  we  report  exchange  current  densities 
associated  with  the  oxidation  of  lightly  doped  polypyrrole.  These  exchange  current  densities  are 
on  the  order  of  4  mA  cm indicating  relatively  facile  electron  transfer  kinetics. 


INTRODUCTION 


Electronically  conductive  polymers  can  be  reversibly  switched  between  electronically 
insulating  (or  semiconducting)  and  electronically  conductive  states  (1,2).  For  polypyrrole 
(and  other  polyheterocyclics)  this  switching  reaction  can  be  written  as 

-[MV  -h  nX,-  - >  -[(M^  XV(M(,.J]-  -f  ne-  (1) 

where  M  and  are  neutral  (i.e.  reduced)  and  oxidized  monomer  units  in  the  polymer 
phase  and  X'  is  an  anion  initially  present  in  a  contacting  solution  phase.  The  neutral  polymer 
on  the  left  side  of  Equation  1  is  the  electronically  insulating  state  and  the  polycation  on  the 
right  side  is  the  electronically  conductive  state. 

The  redox  process  shown  in  Equation  1  is  usually  accomplished  electrochemically  by 
coating  the  polypyrrole  film  onto  an  inert  electrode  surface  (1,2).  Equation  1  entails 
injection  of  charge  into  the  polymer  phase  and  transport  of  this  charge  throughout  the  bulk 
polymer.  Ion  transport  accompanies  this  charge  transport  process.  We  have  been  interested 
in  the  mechanisms  and  rates  of  these  charge  and  ion  transport  processes  (3-6).  We,  and 
others,  have  shown  that  the  mechanism  of  charge  transport  depends  on  whether  the  polymer 
is  in  its  electronically  insulating  or  electronically  conductive  states  (3-8).  When  the  polymer 
is  electronically  conductive,  charge  transport  occurs  uniformly  throughout  the  bulk  of  the 
polymer  phase  via  a  capacitive-like  mechanism  (4,8).  Thus,  from  an  electrochemical 
viewpoint,  the  polymer  resembles  a  porous  metal  (9).  In  contrast,  when  the  polymer  is  in  its 
insulating  state,  charge  is  injected  at  one  of  the  film’s  surfaces  and  charge  is  then  transported 
into  the  bulk  via  a  diffusional  process  (5,6),  Thus,  in  this  state,  the  polymer  resembles  a 
redox  polymer  (10,11). 
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For  the  insulating  material,  there  is  still  some  disagreement  as  to  whether  the  polymer 
redox  reaction  (Equation  1)  begins  at  the  polymer/electrode  interface  or  the  polymer/solution 
interface  (12,13).  For  example,  Lee  et  al.  present  ellipsometric  data  which  suggest  that  the 
redox  reaction  begins  at  the  polymer/solution  interface  and  works  inward  to  the 
polymer/electrode  interface  (12);  in  contrast,  Tezuka  and  Aoki’s  data  suggest  that,  in  analogy 
to  a  redox  polymer,  charge  injection  begins  at  the  polymer/electrode  interface  and  works 
outward  to  the  polymer/solution  interface  (13).  Furthermore,  the  potential  region  in  which 
the  charge  injection  process  changes  from  the  interfacial  mechanism  (nonconductive  material) 
to  the  porous  metal  mechanism  (conductive  material)  is  not  well  defined. 

We  have  used  a  series  of  chronopotentiometric  experiments,  in  conjunction  with  in 
situ  measurements  of  electronic  conductivity,  to  address  these  issues.  The  data  obtained 
suggest  that  the  polymer  oxidation  process  begins  at  the  polymer/electrode  interface.  The 
chronopotentiometric  method  also  provides  the  apparent  diffusion  coefficient,  which  is  a 
quantitative  measure  of  the  rate  of  the  diffusive  charge-tran sport  process  (5,6),  and  the 
exchange  current  for  the  interfacial  electron  transfer  process.  The  results  of  these 
experiments  are  described  here. 

EXPERIMENTAL 

Materials  and  Instrumentation.  Pyrrole  (Aldrich  99  %)  was  distilled  twice  under  N2, 
immediately  prior  to  use.  Tetraethylammonium  tetrafluoroborate  (Aldrich  99  %)  was 
recrystallized  twice  from  methanol  (Baker  Analyzed)  and  then  dried  in  vacuo  at  room 
temperature  for  12  hours  and  then  at  KX)®  C  for  24  hrs.  Acetonitrile  (Burdick  Jackson,  UV 
grade)  and  all  other  reagents  were  used  as  received.  Pt  disk  working  electrodes  (diameter  = 
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1  mm)  were  constructed  and  pretreated  as  described  previously  (4).  A  6  mm  diameter  Pt 

disk  coated  with  a  0.5  ^ni-thick  polypyrrole  film  was  used  as  the  counter  electrode;  the 
rationale  for  this  unusual  counter  electrode  was  discussed  in  our  previous  paper  (4).  A 

conventional  saturated  calomel  electrode  (SCE)  was  used  as  the  reference.  The 
electrochemical  instrumentation  and  cel!  were  described  previously  (4).  All  potentials  quoted 
in  this  paper  are  vs.  SCE. 

Film  Deposition.  Polypyrrole  films  were  synthesized  from  a  CHjCN  solution  which  was  0.5 
M  in  pyrrole,  0.2  M  in  Et4NBF4,  and  2  %  in  water.  Water  was  added  to  the  polymerization 
solution  because  Diaz  and  others  suggest  that  such  low  concentrations  of  water  improve  the 
mechanical  properties  of  the  polymer  and  the  adhesion  of  the  film  to  the  electrode  surface 
(14-16).  We  will  show  here,  however,  that  polypyrrole  films  obtained  from  these  water- 
containing  solutions  support  lower  rates  of  charge  transport  than  films  synthesized  in 
acetonitrile  that  does  not  contain  deliberately-added  water  (5,6).  Polymerization  was 
accomplished  galvanostatically  at  a  current  density  of  1.0  mA  cm‘^.  Reproducible  steady- 
state  potentials  of  0.79 +.0.01  V  were  observed  during  deposition.  The  thickness  of  the 
polypyrrole  film  was  controlled  by  varying  the  charge  passed  during  polymerization  (4). 

After  synthesis,  the  film-coated  electrode  was  removed  from  the  polymerization 
solution  and  rinsed  thoroughly  with  Ar-degassed  CHjCN.  The  electrode  was  then  immersed 
into  a  CH3CN  solution  containing  the  desired  concentration  of  supporting  electrolyte 
(Et4NBF4).  Prior  to  performing  other  measurements,  cyclic  voltammetry  was  routinely  used 
to  assess  the  quality  of  the  freshly-synthesized  films  (4). 
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In  Situ  Measurement  of  Electronic  Conductivity.  We  have  developed  a  simple  in  situ  method 
for  measuring  the  electronic  conductivity  of  polypyrrole  as  a  function  of  applied  potential. 
This  method  uses  the  bipotentiostatic  cell  shown  in  Figure  1,  The  film-coated  electrode  was 
immersed  into  supporting  electrolyte  solution  and  equilibrated  at  the  desired  initial  electrode 
potential.  Care  was  taken  to  protect  the  film  from  air  because  lightly  doped  polypyrrole  is 
extremely  susceptible  to  irreversible  oxidation  by  O2  (17).  After  equilibration,  the  film- 
coated  electrode  was  brought  into  contact  with  the  Pt  disk  electrode.  The  second  half  of  the 
bipotentiostat  was  used  to  apply  a  5  mV  bias  between  the  film-coated  electrode  and  the  lower 
Pt  disk  electrode  and  measure  the  resulting  current. 

In  order  to  minimize  contact  resistance,  a  pressure  of  ca.  200  psi  was  applied  between 
the  film-coated  and  the  lower  Pt  disk  electrodes.  This  pressure  was  arrived  at  via  a  study  of 
effect  of  applied  pressure  on  the  current  between  the  film-coated  and  lower  Pt  disk 
electrodes.  Current  increased  with  applied  pressure  but  leveled  at  pressure  of  200  psi  or 
higher.  The  electronic  conductivity  of  the  film  (aj  was  calculated  from  the  measured 
current,  i,  via 

a,  =  id/(AV)  (2) 

where  d  is  the  film  thickness,  A  is  the  film  area  and  V  is  the  bias  between  the  electrodes. 

In  Situ  Measurement  of  Ionic  Conductivity.  We  have  recently  developed  a  current  pulse 
method  for  measuring  the  ionic  conductivities  of  highly-conductive  polymer  films  (18).  This 
method  entails  recording  the  potential-time  transient  following  application  of  a  short  duration 
current  pulse  at  the  film-coated  electrode.  The  film-coated  electrode  was  immersed  into  the 
supporting  electrolyte  solution  and  equilibrated  at  the  desired  initial  potential  A  current 
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pulse  (1  mA  cm'^  x  100  fis)  was  then  applied  to  the  working  electrode  and  the  resulting 
potential  time  transient  was  recorder  with  a  digital  oscilloscope. 

We  have  shown  that  at  short  times,  the  potential-tir  .e  transient  is  given  by  (18) 

E(t)  -  E(0)  =  (RJip  +  ipt/C,  (3) 

where  E(t)  is  the  potential  at  time  t  after  application  of  the  pulse,  E(0)  is  the  initial  applied 
potential,  R,  is  the  sum  of  the  resistance  of  the  polymer  film  (Rf)  and  the  resistance  of  the 
contacting  solution  phase  (RJ,  ip  is  the  magnitude  of  the  current  pulse,  and  Cj  is  the 
capacitance  of  the  double  layer  at  the  film/electrode  interface.  Equation  3  assumes  that,  in 
this  very  short  time  window,  the  potential  vs.  time  transient  is  associated  with  charging  of 
the  double  layer  at  the  film/ working  electrode  interface  (18).  In  agreement  with  Equation  3, 
the  experimental  transients  show  an  extended  region  of  linear  behavior  (Figure  2). 

Equation  3  indicates  that  the  film  resistance  (Rf)  can  be  obtained  by  extrapolating  the 
linear  portion  of  the  potential-time  transient  (Figure  2)  to  t=0.  The  solution  resistance  must, 
however,  be  know.  The  solution  resistance  was  measured  by  conducting  analogous  current 
pulse  experiments  at  a  bare  Pt  disk  working  electrode.  The  ionic  conductivity  of  the 
polypyrrole  film  was  calculated  from  the  measured  Rf  and  the  (known)  thickness  and  area  of 
the  film  (18). 

Measurement  of  the  Apparent  Diffusion  Coefficient  and  Exchange  Current  Density  for 
Lightly-t)oped  Polypyrrole.  Apparent  diffusion  coefficients  (5,6)  were  also  measured  via  a 
current  pulse  experiment.  However,  the  time  scale  for  this  experiment  was  approximately 
three  orders  of  magnitude  longer  than  the  time  scale  of  the  current  pulse  experiment 
described  in  the  previous  section.  The  polypyrrole  film-coated  working  electrode  was 
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immersed  in  supporting  electrolyte  and  equilibrated  at  the  desired  initial  potential.  The 
electrode  was  then  switched  to  open  circuit  and  an  anodic  current  pulse  (0.5  sec,  amplitude 
ranging  from  150  to  600  cm'^)  was  applied.  The  resulting  potential-time  transient  was 

recorded. 

Typical  potential-time  transients  are  shown  in  Figure  3.  Note,  again,  that  the  time 
scale  of  this  experiment  is  significantly  longer  than  the  time  scale  of  the  experiment 
described  in  the  previous  section  (compare  time  axes  in  Figures  2  and  3).  On  the  time  scale 
shown  in  Figure  3,  the  double  layer  has  already  been  charged,  and  the  injected  charge  is  now 
used  to  create  excess  (relative  to  the  initial  equilibrium  potential)  oxidized  monomer  sites. 

We  will  show  below  that  these  oxidized  sites  are  created  at  the  Pt/film  interface.  The 
potential-time  transient  in  Figure  3  is  associated  with  the  transport  of  these  oxidized  sites  into 
the  bulk  of  the  film  (i.e  with  equilibration  of  the  concentration  of  oxidized  sites). 

In  this  lightly-doped  regime  this  equilibration  process  occurs  via  electron  hopping 
from  reduced  to  oxidized  sites  in  the  polypyrrole  film  (5,6).  In  analogy  to  redox  polymers, 
electron  hopping  in  lightly-doped  polypyrrole  can  be  modeled  as  a  diffusional  process.  Thus, 
the  concentration  of  oxidized  sites  at  the  substrate  electrode  surface  (Cm+{x=0))  at  any  time, 
t,  after  application  of  the  current  pulse  can  be  described  by  (19) 

2  i.  t°  * 

Cm>(x=0)  =  Cm.  +  -  (4) 

F  A  T°  *  * 

where  C’^.  is  the  initial  concentration  of  oxidized  sites,  i,  is  the  magnitude  of  the  current 
pulse,  and  is  the  apparent  diffusion  coefficient. 
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If,  in  response  to  the  applied  current  pulse,  the  magnitude  of  the  potential  change  is 

less  tnan  ca.  60  mV,  the  linearized  potential-concentration  relation  obtains  (20) 

RT  Cm+(x=0)  Cm(x=0)  i, 

E(t)  -  E(0)  =  i,  R,  -I-  — -  ( - -  -  -  +  —  )  (5) 

F  C-M,  Cm*  i„ 

where  Cm(x=0)  is  the  concentration  of  reduced  (i.e.  neutral)  monomer  sites  at  the 
electrode/film  interface.  Cm*  is  the  bulk  concentration  of  reduced  monomer  sites  in  the  film, 
and  lo  is  the  exchange  current  (20).  Because  we  are  beginning  with  lightly  doped  polypyrrole 
and  the  extent  of  oxidation  by  the  current  pulse  is  kept  low,  Cm(x=0)/Cm*  is  approximately 
unity.  Thus,  combining  Equations  4  and  5  gives 

RT  RT  2i/* 

E(t)  -  E(0)  =  i,  (R,  -f-  . )  +  --  ( - )  (6) 

ioF  F  FAt^’D.^^Cm/ 

Equation  6  predicts  that  potential  after  application  of  the  current  pulse  will  vary 
linearly  with  the  square  root  of  time.  Figure  4  shows  that  this  is,  indeed,  the  case.  The 
exchange  current  can  be  obtained  from  the  intercept  of  the  linear  potential  vs.  t°  ’  plot, 
provided  R<  is  known.  As  indicated  above,  R,  is  determined  independently.  The  apparent 
diffusion  coefficient,  D,,  can  be  obtained  from  the  slope  of  the  linear  potential  vs.  t°  ^  plot, 
provided  the  concentration  of  oxidized  sites  at  the  initial  potential,  E(0),  is  known.  The 
relationship  between  applied  potential  and  C*m+  was  obtained  using  a  coulometric  titration 
method  (6). 

A  plot  of  potential  vs.  logC*M+  obtained  via  this  coulometric  titration  method  (6)  is 
shown  in  Figure  5.  As  has  been  observed  by  us  (6)  and  others  (21)  this  plot  is  linear  (at  low 
doping  levels)  and  supememstian.  The  C*m^.  data  shown  in  Figure  5  were  used,  in 
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conjunction  with  Equation  5,  to  obtain  apparent  diffusion  coefficients  for  charge-transport  in 
the  lightly  doped  polypyrrole  films.  In  addition,  the  data  in  Figure  5  can  be  used  to  calculate 
the  doping  level  at  any  value  of  E(0)  via 

doping  level  (%)  =  100  C*mW  C*  (7) 

where  C'  is  the  total  concentration  of  monomer  units  in  the  polymer  film. 

RESULTS  AND  DISCUSSION 

What  is  the  Mechanism  by  Which  Undoped  or  Lightly-Doped  Polypvrrole  is  Oxidized? 

Figure  3  shows  a  cyclic  voltammogram  for  the  reduced  (undoped)  form  of  polypyrrole.  The 

filr  ,  in  this  case,  was  0.^:2  ^m  thick;  voltammograms  for  fii.ns  up  to  3  /im  in  thickness  were 
qualitatively  similar.  Figure  6  shows  that  when  the  potential  of  the  substrate  electrode  is 

scanned  positively,  the  undoped  matenal  is  oxidized  and  ultimately  converted  to  the 
conductive  form.  This  paper  focuses  on  results  of  electrochemical  experiments  conducted 
after  ecuiiibration  of  the  polymer  film  at  potentials  negative  of  -0.30  V,  i.e.  we  focus  on  the 
undoped  and  lightly  doped  material.  The  objective  of  this  section  of  this  paper  is  to 
determine  the  mechanism  by  which  this  material  is  oxidized. 

As  indicated  in  the  Introduction,  this  oxidation  process  could,  in  principle,  occur  via 
three  different  mechanisms  (12).  In  analogy  to  a  redox  polymer,  oxidation  could  begin  at  the 
Pt/polymer  interface  with  oxidized  equivalents  being  transported  into  the  bulk  of  the  polymer 
via  electron  hopping  (5,6).  Tezuka  and  Aoki’s  data  support  this  model  (13).  Alternatively, 
oxidation  could  proceed  from  the  polymer/sclution  interface.  While  this  at  first  glance  might 
seem  unlikely,  it  is  important  to  point  out  that  undoped  polypyrrole  is  a  semiconductor.  For 
example,  the  conductivity  of  a  f.lm  equilibrated  at  -0.35  V  is  ca.  10  ’  O'*  cm  ‘  (22).  This 
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conductivity  means  that  a  film  which  is  0.5  thick  with  an  area  of  1  cm^  would  have  a 

resistance  of  only  5  Q.  Thus,  an  oxidation  process  initiated  at  the  polymer/solution  interface 
followed  by  transport  of  electrons  through  the  film  via  an  electronic  conduction  mechanism 

does  not  seem  inconceivable.  Furthermore,  ellipsometric  data  obtained  by  Lee  et  al.  (12) 
support  this  "outside-in"  mechanism. 

The  final  possible  mechanism  for  polymer  oxidation  assumes  that  oxidation  occurs 
uniformly  throughout  the  bulk  of  the  material;  i.e.  this  mechanism  assumes  that  the  polymer 
is  like  a  porous  metal.  We  have  shown  that  when  polypyrrole  is  in  its  highly-doped, 
electronically  conductive  form,  this  porous  metal  model  applies,  and  oxidation  does,  indeed, 
occur  throughout  the  bulk  of  the  polymer  (4).  The  bulk  of  the  evidence  indicates,  however, 
that  this  mechanism  is  not  applicable  to  the  electronically  insulating  state  (5,6,20). 
Nevertheless,  it  is  clear  that  at  some  point  a  transition  between  the  interfacial  and  bulk 
mechanisms  must  occur.  We  discuss  the  potential  region  of  this  transition  later  in  this  paper. 

We  have  used  a  series  of  chronopotentiometric  experiments  to  distinguish  between 
these  three  possible  transport  mechanisms.  Figure  4  shows  results  of  chronopotentiometric 
experiments  at  electrodes  coated  with  polypyrrole  films  of  various  thicknesses;  the  data  are 
plotted  as  potential  vs.  t°  ’  (Equation  6).  All  films  were  equilibrated  at  a  potential  of  -0.35  V 
prior  to  application  of  the  current  step. 

Several  important  conclusions  can  be  drawn  from  the  data  in  Figure  4.  First,  note 
that  there  is  a  rapid  rise  in  potential  at  short  times  associated  with  the  combination  of  the 
solution  and  film  resistances.  The  contribution  of  the  film  resistance  is  clearly  seen  from  the 
increase  in  this  intercept  with  increasing  film  thickness.  Second,  potential  increases  linearly 
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with  time  at  longer  times;  this  linear  increase  in  E  is  associated  with  the  creation  of 
positively-charged  monomer  sites  in  the  polymer  film.  It  is  important  to  note  that  the  rate  of 
increase  in  potential  with  time  is  the  same  for  all  of  the  electrodes  tested  in  Figure  4.  This 
means  that  the  concentration  of  oxidized  sites,  at  any  time,  is  the  same  for  all  of  these  films. 
This  observation  allows  us  to  immediately  discount  the  porous  metal  model  (4,9). 

If  the  undoped  or  lightly-doped  material  were  oxidized  uniformly  through-out  the  bulk 
of  the  film,  then  at  any  time  during  the  current  step,  the  concentration  of  oxidized  sites  in  a 
thick  film  would  be  lower  than  the  concentration  of  sites  in  a  thin  film;  this  follows  because 
the  volume  of  the  thick  film  is  larger,  making  the  moles  per  unit  volume  of  oxidized  sites  in 
the  thick  film  smaller.  The  lower  concentration  of  oxidized  sites  in  the  thick  film  would 
cause  the  potential  for  this  film  to  raise  more  slowly  with  time,  relative  to  a  thin  film. 
Because  the  rate  of  increase  of  potential  with  time  is  the  same  for  all  of  the  films,  we  can 
discard  the  porous  metal  model. 

While  the  data  discussed  above  allow  us  to  reject  the  porous  metal  model  for  films 
equilibrated  at  potentials  negative  of  -0.30  V,  these  data  do  not  tell  us  whether  oxidation 
begins  at  the  Pt/film  or  film/solution  interfaces  (12,13).  The  short-time  chronopotentiometric 
experiment  (18),  discussed  in  the  Experimental  Section,  allows  us  to  distinguish  between 
these  two  possible  oxidation  models.  Recall  that  in  this  method  we  inject  a  small  amount  of 
anodic  charge  and  follow  the  potential-time  transient  associated  with  double  layer  charging. 
The  question  then  becomes  -  where  does  this  double  layer  charging  occur,  at  the  Pt/film 
interface  or  at  the  film/solution  interface?  If  double  layer  charging  occurs  at  the  Pt/film 
interface  then  it  is  reasonable  to  assume  that  oxidation  begins  at  this  interface.  Likewise,  if 
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double  layer  charging  occurs  at  the  film/solution  interface,  then  it  is  reasonable  to  assume 
that  oxidation  begins  at  this  interface. 

The  key  to  determining  which  interface  is  charged  lies  in  the  resistive  component 
associated  with  the  charging  process.  If  the  Pt/film  interface  is  charged,  this  resistive  term  is 
purely  ionic  because  it  is  associated  with  ion  transport  in  the  solution  and  polymer  phases. 

In  contrast,  if  the  polymer/film  interface  is  charged,  then  the  resistance  associated  with  this 
charging  process  will  have  both  an  ionic  and  an  electronic  component.  The  ionic  component 
is  associated  with  ion  transport  in  the  solution  phase;  the  electronic  component  is  associated 
with  electron  transport  in  the  film  phase. 

As  indicated  in  the  Experimental  Section,  the  short-time  scale  chronopotentiometric 
can  provide  the  resistive  term  associated  with  the  double  charging  process  (18), 

Furthermore,  we  can  by  conducting  analogous  experiments  at  uncoated  electrodes  isolate  the 
film  component  of  this  resistive  term.  The  question  -  At  which  interface  does  oxidation 
start?  -  then  boils  down  to  this  -  Is  this  film  resistive  term  electronic  or  ionic  in  nature?  If 
the  film  resistive  term  is  ionic,  then  oxidation  begins  at  the  Pt/film  interface;  if  this  film 
resistive  term  is  electronic,  then  oxidation  begins  at  the  film/solution  interface. 

We  have  used  investigations  of  the  film  resistive  term  as  a  function  of  supporting 
electrolyte  concentration  to  determine  whether  the  film  resistive  term  is  ionic  or  electronic  in 
nature.  Note  first  that  we  know  from  independent  measurements  of  the  film  electronic 
resistance,  that  the  electronic  resistance  is  independent  of  supporting  electrolyte 
concentration.  Typical  data  are  shown  as  curve  A  in  Figure  9.  In  contrast,  the  resistive 
term  associated  with  the  double  layer  charging  process  is,  in  fact,  strongly  dependent  on 
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supporting  electrolyte  concentration  (curve  B  in  Figure  9).  The  data  in  Figure  9  clearly 
show  that  the  film  resistive  term  associated  with  the  double  layer  charging  process  is  ionic  in 
nature.  Hence,  oxidation  must  begin  at  the  Pt/polymer  interface. 

The  final  question  to  be  addressed  is  -  At  what  potential  does  the  charge  injection 
mechanism  switch  to  the  porous  metal-like  model?  Our  chronopotentiometric  data  provide  an 
answer  to  this  question.  Figure  7  shows  plots  of  potential  vs.  t°  *  for  current  steps  at  an 

electrode  coated  with  a  0.26  /xm  polypyrrole  film  which  had  been  equilibrated  at  various 
initial  potentials.  At  potentials  negative  of  ca.  -0.30  V,  the  data  agree  with  the  simple 

diffusion  model  (Equation  6);  i.e.  a  linear  increase  in  potential  with  t°  *  is  observed.  (We 
will  have  more  to  say  about  the  slopes  of  these  linear  portions  later  in  this  paper.)  Note, 
however,  that  at  more  positive  potentials,  upward  curvature  in  the  potential  vs.  t°  ^  plot  is 
observed  (Figure  7). 

The  upward  curvature  in  the  potential  vs.  t°*  plots,  indicates  that  the  concentration  of 
oxidized  sites  increases  more  rapidly  with  time  than  can  be  accounted  for  by  the  simple 
diffusion  model  (Equation  6).  It  seems  likely  that  this  nonlinear  raise  indicates  that,  at  these 
more  positive  potentials,  oxidized  sites  are  now  being  produced  in  the  bulk  polymer  as  well 
as  at  the  Pt/polymer  interface.  If  this  interpretation  is  correct,  then  it  would  be  reasonable  to 
assume  that  the  film  must  show  a  dramatic  increase  in  electronic  conductivity  in  the  potential 
regime  where  oxidation  in  bulk  is  allowed  (above  ca.  -0.30  V,  see  Figure  7). 

To  test  this  hypothesis,  we  made  measurements  of  film  electronic  conductivity  (using 
the  cell  shown  in  Figure  1)  as  a  function  of  applied  potential.  The  data  obtained  are  shown 
in  Figure  8.  As  expected,  conductivity  does,  indeed,  increase  dramatically  at  potentials 
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positive  of  -0.30  V.  Murray  et  al.  have  obtained  analogous  results  (22).  These  data  support 
the  assertion  that  the  upward  curvature  observed  in  Figure  7  marks  the  transition  from  a 
simple  interfacial  diffusion  model  (Equation  6)  to  the  porous  metal  model  (4,9),  which  allows 
for  oxidation  throughout  the  bulk  of  the  polymer. 

Measurement  of  Apparent  Diffusion  Coefficients  and  Exchange  Current  Densities.  The 
experiments  discussed  above  indicate  that,  in  agreement  with  our  previous  investigations, 
lightly  doped  polypyrrole  behaves  like  a  redox  polymer  (5,6).  Hence  it  should  be  possible  to 
ascribe  an  apparent  diffusion  coefficient  to  the  diffusive  transport  of  charge  from  the 
Pt/polymer  interface  into  the  bulk  polymer.  As  is  typically  the  case  for  redox  polymers,  the 
magnitude  of  this  apparent  diffusion  coefficient  can  be  limited  by  electron  hopping  between 
redox  sites  in  the  film,  concomitant  ionic  diffusion,  or  some  combination  of  these  two 
processes  (10,11). 

To  ascertain  whether  electron  hopping  or  ionic  diffusion  is  rate  limiting,  we  have 
conducted  current  step  experiments  at  a  polypyrrole  film-coated  electrode  in  solutions 

containing  various  concentrations  of  supporting  electrolyte.  The  film  was  0.26  /xm  thick  and 
the  electrode  was  equilibrated,  in  each  case,  at  a  potential  of  -0.35  V.  Plots  of  potential  vs. 

t°  *  obtained  from  these  current  step  experiments  are  shown  in  Figure  10. 

As  might  be  expected,  the  intercepts  in  these  potential  vs.  t“  *  plots  increase  with 
decreasing  electrolyte  concentration  (Figure  10);  this  increase  in  intercept  reflects  an  increase 
in  solution  and  film  ionic  resistance  at  low  electrolyte  concentrations.  However,  the  slopes 
of  these  plots  are  independent  of  electrolyte  concentration.  Since  the  slope  is  proportional  to 
the  rate  of  the  charge  transport  process  (Equation  6),  these  data  indicate  that  the  rate  of 
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charge  transport  in  the  film  is  independent  of  supporting  electrolyte  concentration. 

We  have  shown  that  the  concentration  of  excess  electrolyte  in  polypyrrole  increases 
with  the  concentration  of  supporting  electrolyte  in  the  contacting  solution  phase  (6).  Hence, 
if  the  rate  of  charge  transport  were  limited  by  the  rate  of  ion  transport,  we  would  expect  that 
the  rate  would  increase  with  the  concentration  of  supporting  electrolyte.  That  this  is  clearly 
not  the  case  (Figure  10),  indicates  that  electron  hopping  rather  than  ionic  diffusion  limits  the 
rate  of  charge  transport  in  lightly  doped  polypyrrole. 

We  have  used  Equation  6  in  conjunction  with  the  potential  vs.  t“*  data  (Figures  4,  8, 
and  10),  and  the  Nemst  plot  shown  in  Figure  5  to  calculate  apparent  diffusion  coefficients 
associated  with  electron  hopping  in  our  lightly-doped  polypyrrole  films.  Table  I  shows  the 
effect  of  the  amplitude  of  the  current  step  on  the  value  of  the  apparent  diffusion  coefficient. 
If  the  simple  diffusive  model  presented  above  is  correct  (Equation  6),  the  apparent  diffusion 
coefficient  should  be  independent  of  the  magnitude  of  the  current  step.  Table  I  shows  that 
this  is,  indeed,  the  case. 

Table  II  shows  the  effect  of  polymer  film  thickness  on  the  apparent  diffusion 
coefficient.  Again,  if  the  model  developed  here  is  correct,  the  apparent  diffusion  coefficient 
should  be  independent  of  film  thickness.  Table  II  shows  that  this  in,  indeed,  the  case. 
Furthermore,  as  indicated  above,  the  independence  of  the  slope  of  the  potential  vs.  t®  *  plot 
on  electrolyte  concentration  (Figure  10)  suggests  that  the  apparent  diffusion  coefficient  does 
not  depend  on  the  concentration  of  electrolyte.  Table  III  shows  that  this  is  also  true. 

Table  IV  shows  the  effect  of  the  applied  equilibrium  potential  (i.e.  the  doping  level) 
on  the  apparent  diffusion  coefficient.  The  apparent  diffusion  coefficient  is  independent  of 
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applied  potential  in  the  most  negative  potential  regime  (-0.5  V  to  ca.  -0.4  V).  Mao  and 
Pickup  have  observed  analogous  results  (23).  However,  at  more  positive  potentials,  the 
apparent  diffusion  coefficient  increases  markedly  with  potential. 

The  increase  in  apparent  diffusion  coefficient  shown  in  Table  IV  reflects  doping- 
induced  changes  in  the  structure  of  the  polymer.  For  example,  doping  introduces  ionic  sites 
inti  the  polymer  film.  This  causes  the  film  to  imbibe  solvent  and  expand  (24).  This  increase 
in  void  volume  is  undoubtedly  responsible  for  the  increase  in  apparent  diffusion  coefficient 
shown  in  Table  IV. 

Finally,  it  is  of  interest  to  compare  the  apparent  diffusion  coefficient  values  obtained 
here  with  values  obtained  in  our  previous  investigations  (5,6).  The  polypyrrole  films  for 
these  previous  investigations  were  synthesized  in  acetonitrile  solutions  which  contained  no 
deliberately-added  water  (5,6).  In  contrast,  the  films  used  here  were  synthesized  in 
acetonitrile  which  contained  2  %  added  water  (14-16).  The  rate  of  charge  transport  in  films 
synthesized  in  acetonitrile  containing  2  %  water  (Tables  I-IV)  are  significantly  lower  than  the 
rate  of  charge  transport  in  films  synthesized  in  acetonitrile  containing  no  deliberately-added 
water  (5,6).  Indeed,  the  apparent  diffusion  coefficients  shown  in  Tables  I  through  IV  are 
about  an  order  of  magnitude  smaller  than  films  synthesized  in  the  absence  of  deliberately- 
added  water  (5,6). 

This  difference  in  apparent  diffusion  coefficient  can  be  conveniently  visualized  via  the 
cyclic  voltammetric  data.  Voltammetric  currents  obtained  from  films  synthesized  in  the 
absence  of  deliberately-added  water  (e.g.  Figure  1  in  (6))  are  dramatically  higher  than  the 
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voltammetric  currents  obtained  here  (e.g.  Figure  6).  Furthermore,  in  reference  (6)  we  were 
forced  to  model  the  E  vs.  t  data  using  a  finite  diffusion  model,  whereas  in  this  study,  data 
from  films  of  the  same  thickness  could  be  treated  using  a  semi-infinite  diffusion  model. 

We  will  soon  present  results  of  infra  red  analyses  of  polypyrrole  films  synthesized  in 
rigorously-dried  acetonitrile  and  in  acetonitrile  solutions  containing  measured  quantities  of 
water  (25).  These  investigations  have  shown  that  polypyrrole  synthesized  in  the  presence  of 
deliberately-added  water  contains  higher  concentrations  of  oxygen-containing  defects  (e.g. 
carbonyl  and  hydroxide)  than  polypyrrole  synthesized  in  rigorously-dried  acetonitrile  (25). 
These  defect  sites  may  account  for  the  slower  charge- transport  in  the  films  investigated  here. 
The  bottom  line  is  -  if  facility  of  charge-transport  is  important,  we  recommend  against 
adding  water  to  the  polymerization  solutions. 

Table  III  also  presents  exchange  current  densities  obtained  from  the  intercepts  of  the 
potential  vs.  t°  ^  plots.  To  our  knowledge,  these  are  the  first  exchange  current  densities  for 
the  polypyrrole  oxidation  process  to  be  presented  in  the  literature  to  date.  The  magnitude  of 
the  exchange  current  density  is  reasonably  high.  For  example,  the  exchange  current  densities 
shown  in  Table  III  are  roughly  equivalent  to  the  exchange  current  density  for  the  H^/Hj 
redox  couple  (in  HjSOJ  on  Pt  (26).  However,  these  exchange  current  densities  are  several 
orders  of  magnitude  lower  than  densities  obtained  for  simple  outer-sphere  redox  couples. 

We  suggest  that  the  sluggishness  observed  for  the  polypyrrole  oxidation  process  is  caused  by 
the  alterations  in  bond  length  associated  with  the  conversion  of  the  polymer  from  the  benzoid 
(reduced)  to  quinoid  (oxidized)  forms  (27,28). 
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CONCLUSIONS 


We  have  shown  that  when  undoped  polypyrrole  is  oxidized  electrochemically,  the 
oxidation  process  begins  at  the  polymer/electrode  interface  and  propagates  to  the 
polymer/solution  interface.  We  have  also  shown  that  the  rate  of  this  oxidation  process  is 
slower  for  films  synthesized  in  acetonitrile  solutions  containing  deliberately-added  water  than 
in  films  synthesized  in  rigorously-dried  acetonitrile  (5,6).  Finally,  we  report  the  first 
exchange  current  densities  associated  with  the  electrochemical  oxidation  of  polypyrrole. 
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Table  I.  Effect  of  the  amplitude  of  the  applied  current  step  on 
the  apparent  diffusion  coefficient  (D^)  in  polypyrrole 
film. 


Step-size 

(MA/cm^) 

160 

240 

320 

480 

640 

DgXlO 

1.2+0. 2 

1 . 2±0 . 1 

1. 2+0.1 

1 . 1±0 . 1 

1.2  +  0. 1 

(cm^/s)  ® 

*  Each  datum  is  the  average  of  four  measurements 


Table  II.  Influence  of  film  thickne-rs  on  the  apparent  diffusion 
coefficient  (D^)  in  polypyrrole  film. 


Film  thickness  0.13  0.26  0.39  0.52  0.78 

(Mm) 

DgXlO  1.1±0.2  1.2±0.1  1. 2+0.1  1.2±0.1  1.3±0.1 

(cm^/«=)  ® 


®  Each  datum  represents  the  average  of  four  measurements  (two 
films,  two  measurements  for  each  film) . 


Table  III.  Dependence  of  the  apparent  diffusion  coefficient 
(Dg)  and  exchange  current  density  (i^)  on  the 
concentration  of  external  electrolyte. 


Electrolyte 


Cone.  (M) 

0.025 

0.050 

0.10 

0.20 

D^XlO 

(cm^/s) 

1.4 +0.2 

1 . 4±0 . 2 

1.4+0. 2 

1.3+0. 2 

i 

5+3 

4+2 

5+2 

3  +  1 

0  p 

®  Each  Datum  is  the  average  of  three  measurements. 


Table  IV.  Effect  of  the  initial  electrode  potential  on  the 

doping  level  and  apparent  diffusion  coefficient  in 
polypyrrole. 


E(0)  -0.50 

(V) 

-0.45 

-0.425 

o 

• 

o 

1 

-0.35 

-0.30 

Doping 

level  (%)  0.021 

0.055 

0.089 

0.14 

0.32 

0.90 

X  10’° 

(cm^/s)®  0.65±0.1 

0.71 

0.75 

0.85 

1.5 

2.5 

a 


Each  datum  is  an  average  of  four  measurements. 


FIGURE  CAPTIONS 


Figure  1.  Bipotentiostatic  circuit  us^  for  in  situ  measurement  of  film  electronic  conductivity. 

Figure  2.  Potential-time  transients  associated  with  small  amplitude  (10  /xA,  90  /tsec)  current 
pulses  applied  to  a  0.78  /im-thick  polypyrrole  film-coated  Pt  electrode.  Initial  potential  was 
-0.35  V.  Supporting  electrolyte  was  a)  0.1  M  and  b)  0.2  M  Et4NBF4  in  CHjCN. 

Figure  3.  Potential-time  transients  associated  with  currents  steps  of  0.32  mA  cm'^  at  Pt 
electrodes  coated  with  various  thicknesses  of  polypyrrole  films.  Initial  potential  in  each  case  was 
-0.35  V.  Supporting  electrolyte  concentration  was  0.2  M.  Film  thicknesses  as  shown. 

Figure  4.  Plots  of  E  vs  t‘^^  for  data  shown  in  Figure  3. 

Figure  5.  Plot  of  applied  equilibrium  potential  vs.  log  of  the  concentration  of  oxidized  monomer 
sites  in  a  0.26  /^m  polypyrrole  film.  Electrolyte  as  per  Figure  3. 

Figure  6.  Cyclic  voltammogram  for  a  0.52  ^xm-thick  polypyrrole  film.  Electrolyte  as  per  Figure 
3.  Scan  rate  =  10  mV  sec*. 

Figure  7.  Plots  of  potential  vs.  t° ^  for  chronopotentiometric  experiments  conducted  at  various 

initial  potentials.  Film  thickness  =  0.26  ;xm.  Electrolyte  and  current  step  as  per  Figure  3. 
Figure  8.  Variation  of  electronic  conductivity  for  polypyrrole  on  equilibrium  electrode  potential. 

Electrolyte  as  per  Figure  3. 

Figure  9.  Effect  of  supporting  electrolyte  concentration  on  the  film  conductivity.  A. 
Conductivity  measured  using  the  small  amplitude  current  pulse  technique.  B.  Electronic 
conductivity  measured  using  the  apparatus  shown  in  Figure  1.  Initial  potential  =  -0.35  V. 
Figure  10.  Plots  of  potential  vs.  t°*  from  chronopotentiometric  experiments  on  a  0.26  ^m 
polypyrrole  film  in  contact  with  solutions  of  various  supporting  electrolyte  concentration.  Initial 
potential  =  -0.35  V.  Current  step  =  0.30  mA  cm^. 


Counter  Rwire  Reference 

electrode  electrode  electrode 


0.78 

0.52  p,m 
0.39  M.m 
0.26  M-m 
0.13  M.m 


